A new method of deriving the Higgs Lagrangian from vector-like gauge theories is explored. After performing a supersymmetric extension of gauge theories we identify the auxiliary field associated with the "meson" superfield, in the low energy effective theory, as the composite Higgs field. The auxiliary field, at tree level, has a "negative squared mass". By computing the one-loop effective action in the low energy effective theory, we show that a kinetic term for the auxiliary field emerges when an explicit non-perturbative mechanism for supersymmetry breaking is introduced. We find that, due to the naive choice of the Kähler potential, the Higgs potential remains unbounded from the below. A possible scenario for solving this problem is presented. It is also shown that once chiral symmetry is spontaneously broken via a non-zero vacuum expectation value of the Higgs field, the low energy composite fermion field acquires a mass and decouples, while in the supersymmetric limit it was kept massless by the 't Hooft anomaly matching conditions. 11. 11.30.Pb, 11.30.Qc 
I. INTRODUCTION
Spontaneous chiral symmetry breaking induced by the fermion anti-fermion pair condensate is, in general, expected in asymptotically free vector-like gauge theories. The effective Higgs Lagrangian (linear σ-model) well describes chiral symmetry breaking at low energies, however it is difficult to derive it from the original gauge theory. It is known that an effective Higgs Lagrangian can be derived from the Nambu-Jona-Lasinio model by using the so called auxiliary field method [1] . An unsatisfactory feature is the fact that cannot be applied to gauge theories.
There are already many attempts of deriving low energy effective theories associated with a given gauge theory by using supersymmetry [2] [3] [4] [5] [6] [7] [8] [9] . The hope is to extend some of the "exact results" deduced by Seiberg and Witten in [10, 11] for supersymmetric vector-like gauge theories to non-supersymmetric gauge theories.
However, since in Ref. [2] [3] [4] [5] [6] [7] [8] [9] the explicit supersymmetric breaking is treated perturbatively, supersymmetry cannot be completely decoupled. Recently in Ref. [13, 14] the issue of decoupling supersymmetry has been addressed, and a suitable decoupling procedure has been proposed for supersymmetric QCD like theories with N f < N c and N c > 2. In the latter approach the decoupling is able to constrain only the holomorphic part of the QCD like potential which encodes the anomaly structure of the theory. A key point in the analysis of Ref. [13] was to identify the auxiliary field associated with the supersymmetric effective low energy composite operators as the "meson" fields for the ordinary theory, once supersymmetry is broken.
In Refererence [15] we have outlined a new method for deriving the Higgs lagrangian. In this paper we provide a more complete discussion of the method and we will also describe in some detail the new techniques for including non-perturbative supersymmetry breaking effects.
Let us consider the N = 1 supersymmetric extension for vector-like gauge theories (assuming that the extension preserves asymptotic freedom). We have the following quark chiral superfields for the underlying theory.
where i and j are the flavor indices while α is the color index. The low energy effective theory, including only massless fields, can be obtained by correctly reproducing the global symmetries and assuming holomorphy, as shown by Seiberg [10] . The relevant massless chiral super field is the color-singlet "meson" field M ij which couples to the quark bi-linear operator as follows
where M = A + √ 2θψ + θ 2 F . It is instructive to show how the different components in M ij couple to the operators defined in the underlying theory 5) where the contraction of the color indices is understood. If we consider massless quarks, the auxiliary field F ij couples only to the quark bi-linear operator, because of the underlying field equation F Q = FQ = 0. Of course, in the supersymmetric limit, the auxiliary field at the effective lagrangian level must be integrated out by using the algebraic equation of motion.
In order to investigate the effects of the squark decoupling in the low energy physics, we introduce a soft supersymmetric breaking term which correctly reproduces the squark mass in the underlying theory. By using the spurion method we add the following term in the Kähler potential 6) of the fundamental theory. The spurion vector superfield X is a singlet under both gauge and chiral symmetry. There are two possibilities for X:
If we take the former, the equation of motion for the quark auxiliary field is modified with the respect to the supersymmetric limit, i.e. F Q = −mA Q and FQ = −mAQ. Therefore, the auxiliary field in the effective theory now couples also to the squark bi-linear operator. However when m is large enough compared with the dynamical generated scale Λ, we expect the quark bi-linear operator to dominate over the squark one. If we take the latter X choice the equation of motion for the quark auxiliary field remains unchanged and the auxiliary field in the effective theory couples only to the quark bi-linear operator. Here we choose X = mθ + m †θ , with m real, as spurion. In this paper we assume the following naive Kähler potential for the effective "meson" superfield
where α is a numerical constant. This will automatically induce a "negative squared mass" for the auxiliary field. At the component level we have 8) which means that the vacuum at F = 0 is unstable and a non-zero vacuum expectation value (if F is regarded as a propagating field once supersymmetry is broken) is expected. This fact supports our idea that the auxiliary field can be identified with the composite Higgs field associated with the quark bi-linear operator. It is known that the effective Kähler potential for N = 1 supersymmetric theories cannot be fixed, so that a more general form is expected. However we believe that the Kähler potential in Eq. (1.7) can be considered as the first term in a general low energy expansion [16] .
The effect of supersymmetry breaking is incorporated in the effective theory by using the spurion method. The explicit supersymmetry breaking term in the Kähler potential is of the form 9) at the lowest order in a m/Λ expansion and β is a numerical constant. Once defined the Kähler potential in Eqs. (1.7), (1.9) and added the appropriate exact superpotential [10] , we then compute the one-loop effective action in the low energy effective theory. It results in new terms to add to the Kähler potential. The loop calculation can also be interpreted as a way of providing more information about the Kähler potential in N = 1 theories. If we had an exact Kähler potential (as for example in N = 2 supersymmetry), we do not expect loop calculations to generate new contributions.
If we treat supersymmetry breaking effect perturbatively, the one-loop supergraph is infrared divergent. At the component level it is easy to recognize that the origin of such a divergence is the loop associated with the low energy effective scalar field.
However, if we include the supersymmetry breaking effect non-perturbatively, the infrared divergence is automatically regulated since the low energy scalar field becomes massive via K sof t . The soft breaking mass, actually, works as an infrared cutoff. Although it is possible to include a mass term in the superpropagator for the effective super-field we prefer, for simplicity, to use the mass as an explicit infrared momentum cutoff within the Euclidean momentum cutoff scheme.
The paper is organized as follows. In section II we consider the asymptotically free N = 1 supersymmetric gauge theory with number of colors N c = 2 and flavors N f = 3. We use this system as a laboratory to illustrate our new method of deriving the Higgs Lagrangian. In section III we compute the one-loop effective action for the low energy effective theory. By first computing the two point effective action we show that the kinetic term for the auxiliary field is naturally generated thus enforcing our idea of identifying the auxiliary field with the Higgs field.
We then demonstrate, by computing the four-point effective action contribution that, once chiral symmetry is spontaneously broken via a non zero vacuum expectation value of the Higgs field, the low energy effective fermion field acquires a mass term. In the supersymmetric limit the composite fermion was kept massless by the 't Hooft anomaly matching conditions [17] . It is also seen that the Higgs potential remains unstable at the one loop level. However by generalizing the Kähler potential we illustrate a possible scenario for generating the complete Higgs potential. In section IV we briefly review the main results and consider possible improvements as well as some extension of the present model.
II. A SIMPLE MODEL
As starting point we will consider the supersymmetric asymptotically free theory with SU(2) gauge group and three flavors in the fundamental representation. The global quantum symmetry group is SU(6) ⊗ U(1) R , where SU(6) is the enlarged flavor group associated with the quark chiral superfield Q i α and U(1) R is the R-symmetry. Here i = 1, 2, · · · , 6 labels the flavor index while α = 1, 2 the color one. We use the notation of Ref. [18] throughout this paper. According to the 't Hooft anomaly matching conditions the "meson" chiral superfield
which belongs to the 15 A representation of SU (6), is a massless field. By saturating at tree level the anomalous as well as non-anomalous Ward-Takahashi identities and imposing holomorphy [10] one can get the effective low energy superpotential
where Λ is the dynamical scale associated with the underlying supersymmetric gauge theory.
To the "exact" super-potential we have the need, in order to completely define the theory, to add the Kähler potential. This is the most undetermined part for N = 1 supersymmetric gauge theories in contrast with the N = 2 supersymmetric theories [11] where the full Kähler is claimed to be known. Following the arguments presented in the introduction a reasonable approximation to the full Kähler potential would be to consider the following terms
where α and β are dimensionless numerical constants. The need for a more general type of Kähler potential will be advocated later in the paper. The second term is a soft supersymmetry breaking term introduced using the spurion method, and provides a mass term for the scalar component of the effective superfield M. We assume the spurion field to be of the form X = m(θ 2 +θ 2 ) with real m. We can get the canonically normalized field by performing the following field rescaling M/(αΛ) → M. The Lagrangian becomes
By performing the ordinary theta integration we deduce the tree level "potential" for the effective auxiliary field in the limit β = 0
where F ij and A ij are, respectively, the auxiliary and the scalar components of the chiral superfield M ij . We observe that the auxiliary field has negative squared mass. Since in the supersymmetric limit the auxiliary field does not propagate, i.e. no kinetic term is present in the tree level lagrangian, it is not considered as a physical field and the instability is removed by integrating it out via its equation of motion ∂V (F, A)/∂F = 0. In the present approach, where supersymmetry is explicitly broken, we will keep it [13, 15] and will show next that via non-perturbative breaking effects a non trivial kinetic term is generated for the auxiliary field, suggesting that it can become a physical field.
III. CALCULATION OF THE ONE-LOOP EFFECTIVE ACTION
In this section we present the actual calculations for the one-loop effective action based on the Lagrangian defined in Eq. (2.4). We employ the supergraph technique [19] with the spurion X as external field.
A. The Two Point Function
The first term to compute is the one-loop two point function which corresponds to the quadratic term in the effective field associated with the Kähler potential.
The diagram we evaluated is shown in Fig.1 . By using the standard super Feynman rules we obtain
where the factor 18 is a symmetric factor and the factor α 3 /2 3 3! is the coupling constant defined in the superpotential. With the help of the following identity
we can integrate over θ 2 and deduce
where we used the fact that
The k momentum integration can be expressed as
To perform the integral we have analytically continued it over the Euclidean region and assumed the scale Λ as our ultraviolet cutoff. This procedure corresponds to the Euclidean momentum cutoff regularization scheme. We remark that is seems natural to us to consider Λ as a physical ultraviolet cutoff, since the present theory lives naturally below the scale Λ. The appearance of the infrared divergence is due to the scalar loop, hence it is reasonable to identify the supersymmetric breaking mass m with a physical infrared cutoff. After regularizing the integral we performed a momentum expansion in p 2 E with p 2 E ≪ m < Λ. It resulted in the following expression for the two point function
The first term in the brackets of Eq. (3.6) is a correction to the tree level Kähler potential while the second term is the source for the kinetic term of the auxiliary field. By performing the usual theta integration for the second term we get
We have shown that the auxiliary field really propagates and can be associated with a physical field. It is worth stressing that this kind of non-perturbative supersymmetry breaking treatment in evaluating the momentum expansion is actually essential for obtaining the previous result. By canonically normalizing the Higgs field
we deduce the following Lagrangian
where
Note that the one-loop contribution to the mass term for the Higgs field has the same sign than the tree level term. We observe that the mass instability suggests that the Higgs can have a non-vanishing vacuum expectation value which would break the chiral symmetry group SU(6) to Sp (6) . In order to complete the picture we expect the existence of stabilizing terms in the Higgs potential. In the next section we estimate the fourth order term for the Higgs potential by employing the method outlined in this section.
B. The Four Point Function
The one-loop diagram for the four point function (quartic term for the effective field in the Kähler potential) is shown in Fig.2 . The explicit evaluation of the Feynman diagram provides 12) where the factor 162 is a symmetric factor. After integrating over the variables θ 2 and θ 4 and integrating by parts the D andD operators with momentum −(k + p + q), we have 13) where for simplicity we omit the arguments of D andD. By using the formulae
together with Eq. (3.2), we deduce
Only the first term in the curly brackets gives the quartic term for the auxiliary field with no derivatives. By keeping only the lowest order in momentum expansion we get
This leads to the following contribution for the Higgs Lagrangian.
how some of the non-holomorphic [13] terms for the non-supersymmetric low energy effective theory generates when supersymmetry decouples.
We have established that a better knowledge of the effective Kähler potential (associated with the full underlying dynamics) is essential to provide a bounded from the below Higgs potential.
We finally successfully generated a mass term for the effective fermion field which was kept massless in the supersymmetric limit by the 't Hooft anomaly matching conditions. An encouraging feature is that the non zero vacuum expectation value for the Higgs field, associated with spontaneous chiral symmetry breaking, triggers the appearance of the fermion mass. In the resultant effective low energy theory the chiral anomalies are now saturated by the appearance of pseudoscalar Nambu-Goldstone bosons.
We remind the reader that determining the Higgs Lagrangian is as difficult as solving the complete dynamics in the underlying theory. In principle it is possible to extend the present method for deriving the Higgs Lagrangian for arbitrary vector-like gauge theory. However, there are some technical difficulties associated with the fact that the effective superpotential becomes highly involved for general N c and N f . For example if we consider a SU(N c ) gauge theory with N f = N c + 1 flavors we have to compute a (N f − 2)-loop superdiagram to generate the kinetic term for the Higgs field. Even more hard to handle are the SU(N c ) gauge theories with N f = N c + 1. Indeed the associated supersymmetric low energy effective theories do not have a simple polynomial superpotential and is not straightforward to define a reliable loop calculation.
It might be very interesting to generalize the present approach to the N = 2 supersymmetric extension of gauge theories, since the supersymmetric low energy effective action (including the Kähler potential) in this case is completely known. However since the exact low energy effective theory is expressed, for N = 2 super theories, in terms of magnetic type variables the task would be to correctly identify the fermion condensate operator. 
